1 Abstract-Based on the characteristics of mine goafs, the geo-electrical models are established. In order to study the response characteristics of goaf by transient electromagnetic method, we have performed three-dimensional numerical simulations in three cases, geo-electrical model of mine geology without goaf, geo-electrical model of mine geology with low resistivity goaf and geo-electrical model of mine geology with high resistivity goaf. Moreover, the physical experiments have also been performed for the above three cases. Furthermore, we compare numeral simulation results and physical experiment results. Finally, we obtain the conclusion that although the response of high resistivity goafs is weaker than that of low resistivity, its response characters still can indicate the existing of goaf. Hence, above work actually signifies that shallow high resistivity goafs can be detected in a reliable way by transient electromagnetic method.
I. INTRODUCTION
Because of continuous coal mining in China, the problems of coal mine goafs is becoming more and more serious and it has brought a series of social problems [1] . However, the most serious goafs are in shallow earth and without collapse which are major danger potential for the safety production of coal mine. Especially, the goafs were formed by early private coal mines. Furthermore, these goafs are shallow burial and scattered distribution, hence it is very difficult to confirm the boundaries and locations. Usually, they will bring great damage to later coal mine and ground infrastructure construction [2] - [4] .
Generally speaking, the goafs are mainly classified into the high resistivity goafs unfilled with water and the low resistance goafs filled with water. The electrical properties of two kinds of goafs are quite different from the surrounding rock [5] - [7] . Therefore, the electromagnetic methods can effectively detect goafs by the resistivity difference between goaf and souring rock of the earth. In recent years, geophysical workers in China have performed a lot of researches on the exploration of goafs, but the jobs are mainly focused on the low resistivity goafs filled with water [8] - [10] . The reason is that the responses of high resistivity target bodies detected by electromagnetic methods are not clearly observed. However, identified high resistivity goafs unfilled with water is the major challenge to construction of ground infrastructure in the future. So it is necessary for the detection of high resistivity goafs. Compared with other geophysical method, Transient Electromagnetic Method (TEM) has the following traits, convenient operating equipment, high efficiency and effectiveness. Based on above advances of transient electromagnetic method, we try to detect high resistance goaf by transient electromagnetic method.
II. NUMERICAL CALCULATION

A. 1D Case of Numerical Simulation
The rectangular as transmitter is employed to perform 1D numerical simulation of transient electromagnetic method. It can be thought to be formed by finite small vertical magnetic dipoles [11] . Hence, first we compute the electromagnetic response of the model in the frequency domain [12] , and then we convert it from frequency domain to the time domain by Gaver-Stehfest (G-S) transform method [13] . For the numerical simulation, we choose two earth models formed by high resistivity layers and low resistivity layers and the parameters of the models as shown in Table I and  Table II , respectively. From Table I and Table II , we can see that we perform the numerical simulation by only changing the thickness of the first layer. Four side lengths of transmitter rectangular are all 600 meter and the current is 10 A. Besides, the measurement point is central of the rectangular. Figure 1(a) is the numerical simulation results of model with the low resistivity goaf and Fig. 1(b) is the numerical simulation results of model with the high resistivity goaf. Compared with the Fig. 1(a) and Fig. 1(b) , the electromagnetic response of model with low resistivity goaf are more sensitivity than that of model with high resistivity. However, we can improve the sensitivity of the model with high resistivity goaf by subtracting background field [14] . Figure 2 shows the curves of the difference between models electromagnetic response with goaf present and the background field. In particular, Fig. 2(a) corresponds to the model of low resistivity goaf which shows that the positive peak appears in early period. In an opposite way, Fig. 2(b) corresponds to the model of high resistivity goaf which shows that the negative peak appears in early period and the positive peak appears in the late period. In particular, when the thickness of the first layer is more than 110 m, the difference between model with high resistivity goaf and background field is so small that we cannot recognize the existence of the goaf, especially in the case of presence of noise. 
B. 3D Case of Numerical Simulation
Based on the 1D modelling results, we have performed the 3D numerical simulation in the following parts. According to the characteristic of goafs, two 3D models are designed. A high resistivity goaf unfilled with water and a low resistivity goaf filled with water are in the coal seam, as shown in Fig. 3 , respectively. Volumes of two goafs are all 100 m × 100 m × 20 m. Besides, the size of transmitting coil is 600 m × 600 m, the transmitter current is 10 A and receivers are set in the centre of the coil.
The response curves of transient electromagnetic method of above models are shown in Fig. 4 . Compared with background response, we cannot detect any anomalous response behaviour from the curves, as shown in Fig. 4 . However, useful results are found after subtracting the background response from the two curves, as shown in Fig. 5 . This figure shows that the response value of high resistivity goaf is less than the response value of low resistivity goaf. Furthermore, in the early stage, the response value of high resistivity goaf is negative. However, the curve becomes positive in the late stage. For low resistivity goaf, the response characteristic is opposite to the high resistance goaf and much higher in absolute value.
The detected results, as shown in Fig. 4 , are usually converted into apparent resistivity and detected depth. Actually, electrical voltage value described in the vertical axis is converted into apparent resistivity by the (1), and the time value is changed to detected depth by the (3) [15] V is the induced electromotive force (V); r S is the effective area of rectangle receiving coil (m 2 ), and t is measurement time. According to the research of Jiang B. Y. (1998) [16] , the equation for the velocity of propagation of the electromagnetic (EM) waves in the earth is given by the following formula
where:
 is the reciprocal of apparent resistivity at moment i t ;  is the coefficient of proportionality. Then the depth of the i t can be calculated by (6) .
III. PHYSICAL MODELLING An existing model which shown in Fig. 6 is used to do physical experiments the model includes three parts from the roof to the floor. Here, both of the top part and bottom part are Quaternary clay which resistivity is low. Besides, the middle part is filled with high resistivity coal seam. A transient electromagnetic equipment named "Terra-TEM" is used to measure data. The line with red colour is measured path shown in Fig. 6(a) , and the interval between two neighbour measuring points is 50 cm. The size of rectangle transmitting coil is 50 cm × 50 cm and the number of turns is 5. The size of rectangle receiving coil is 20 cm × 20 cm and the number of turns is 20. Usually, the value of early time is larger than that of late time. And then, based on measured voltage and measuring time, the apparent resistivity and time-depth conversion of (1), (2) and (6) are adopted, and the apparent resistivity profile is drawn, as shown in Fig. 8 and from which we can find high resistivity anomalous geological bodies which are the two tunnels and one cavity. Compared with models and measuring results, we can conclude that the geological model and measuring result match very well.
IV. CONCLUSIONS
According to the above presented research work, we can conclude the following:
1. Numerical modelling results show that the response characteristics of transient electromagnetic method of high resistivity goaf are weaker than that of low resistivity goaf. However, the response of high resistivity goaf can still be recognized by simple processing of the received voltage curves. 2. Physical modelling results show that high resistivity anomalous objects can be effectively detected. Therefore, it appears that our research can be useful for the application of transient electromagnetic method (TEM) in the exploration of the earth.
